Background: Season of birth influences allergy risk, however the biological mechanisms
Introduction
The environment experienced during key in utero and perinatal developmental periods can have long-lasting and profound effects on disease risk throughout life (1) . Season of birth has been associated with allergic disease risk in numerous studies. In general, children born in autumn or winter are more likely to develop a wide range of allergic diseases including asthma (2) , rhinitis (3), hayfever (4), eczema (5) , food sensitisation and atopic disease (6) , and food allergy (7) . At birth, children born in autumn or winter already have increased serum immunoglobulin (Ig)E levels (8) , and birth season has been shown to affect neonatal immune development and lead to altered levels of inflammatory mediators in airway mucosa lining fluid (9) . Season of birth also influences other traits and diseases such as adult height (10) and schizophrenia (11) , suggesting long-lasting effects on a broad range of characteristics, however the mechanisms for such effects remain unknown.
Several hypotheses have been put forward to explain the link between season of birth and allergy, not necessarily exclusively. One hypothesis is that lower UV-B levels during autumn and winter reduce vitamin D synthesis, which increases allergy risk (12). Other hypotheses are based on seasonal fluctuation in levels of allergens such as pollen (13) , and seasonality of early life respiratory viral infections (14) . A fourth possible mechanism is seasonal variation in maternal nutrition (15, 16) . These mechanisms, acting at key times during early development, could produce long-lasting differences in disease risk associated with season of birth.
Regardless of the ultimate environmental stimulus, the molecular mechanisms responsible for regulating and maintaining long-lasting responses to season of birth remain unknown.
Gene transcription has been shown to exhibit seasonal periodicity: the immune system has a profoundly pro-inflammatory transcriptomic profile during winter, with increased levels of soluble IL-6 receptor and C-reactive protein -risk biomarkers for cardiovascular, psychiatric
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and autoimmune diseases that also have higher incidence among winter-borns (17) . The epigenome is one way in which transcriptional responses to changing environments can be established and maintained over long periods of time. A number of diseases are now recognised as having an epigenetic component (18) , including allergic diseases (19, 20) .
While genetic variation contributes to allergic disease risk (21) , asthma and allergy susceptibility genes also interact with epigenetic marks to influence allergic outcomes (22) (23) (24) .
Given the known effect of season of birth on immune gene expression, neonatal immune function and allergic disease risk, together with the established role of epigenetics in allergic disease, we investigated whether DNA methylation could be a molecular mechanism for the effect of season of birth on allergic disease risk in adulthood. To test this hypothesis we assessed the association of DNA methylation in individuals from an unselected population birth cohort, with season of birth and allergic outcomes. First, we examined the effect of season of birth on allergic disease risk up to age 18. Second, we conducted an epigenomewide association study (EWAS) to test whether season of birth is associated with differential DNA methylation. Third, we validated season-associated methylation in the Dutch Prevention and Incidence of Asthma and Mite Allergy (PIAMA) birth cohort. Fourth, we investigated biological networks enriched among differentially methylated genes. Fifth, we modelled the effect of season-associated methylation on allergic outcomes, and used path analyses to test whether DNA methylation causally mediates this effect. Lastly we examined whether season-associated methylation is already detectable at birth.
Methods
Date of birth data were collected in the Isle of Wight (IoW) birth cohort (n=1456), born from January 1989 to February 1990. Total serum IgE was measured at ages 10 and 18, atopy was assessed by skin prick tests at ages 4, 10 and 18, and eczema, rhinitis and asthma
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were assessed at ages 1-or-2, 4, 10 and 18, as previously described (25) (26) (27) (28) . Generalised estimating equations (GEEs) were used to model the effects of season of birth on repeated measures of allergy over time in the whole cohort, corrected for multiple testing using Bonferroni-adjustment.
DNA methylation was profiled using the Illumina Infinium HumanMethylation450 beadchip in peripheral blood samples collected at age 18 from a subset of participants (n=367).
Methylation data were extracted using GenomeStudio software (Illumina), pre-processed using the R package Illumina Methylation Analyzer (IMA) (29) and batch-corrected using ComBat (30) . Estimated proportions of leukocyte subtypes were calculated from methylation data using the Minfi R package (31) .
The ttScreening R package (v1.5, http://cran.r-project.org/web/packages/ttScreening/) (32) was utilised to conduct an EWAS identifying CpGs associated with season of birth (trainingtesting p<0.05 in ≥60/100 iterations). Analyses controlled for potential confounding factors (season of sample collection, maternal socioeconomic status (SES) and sex), and were conducted for each of the birth seasons relative to the other three combined. ttScreening's default settings were used, except that the iteration threshold was raised from ≥50 to ≥60/100 iterations to increase selection reliability. The ttScreening package conducts surrogate variable analysis to remove unexplained variation in the data, then analyses the data using an iterative training-testing procedure. The training-testing method performs better than the method controlling false discovery rate (FDR) and the Bonferroni method in reducing false positive and false negative results (32) . In addition to providing internal validation, the use of training-testing builds a more generalised model than the models constructed by traditional methods, and can detect additional loci undetectable using traditional methods (32) . Effects of the top CpG on gene expression were analysed in a subset of the IoW third generation cohort.
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Results

Cohort characteristics
The subset of IoW birth cohort subjects for whom DNA methylation data at age 18 was collected (n=367) were generally representative of the whole cohort, though had a higher proportion of females due to an initial research focus on future pregnancies, and consequently a lower prevalence of atopy at age 18 (Supplementary Table 1 ), due to lower prevalence of atopy in females at age 18.
Season of birth influences allergic disease risk
The relative risk (RR) of repeated eczema was significantly lower for participants born in spring than autumn, the reference season (RR spring =0.61, 95%CI=0.45-0.82; Table 1 
Season of birth is associated with DNA methylation
To examine whether DNA methylation is associated with season of birth, an EWAS was conducted. First, factors that could potentially confound a link between season of birth and DNA methylation were identified (Supplementary Table 2 ). The season in which each 18-year blood sample was collected (34) was not independent from season of birth (p<0.0001, χ²) because most were collected 3-9 months after the subject's 18 th birthday as part of the study design. Maternal SES is known to be associated with season of birth (35) and was in our cohort (p=0.030, χ²). Sex did not differ between seasons of birth, though was adjusted for due to its well-established effects on allergy and methylation. Height at 18 years (10),
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Validation of season of birth-associated DNA methylation in PIAMA cohort
Validation of the 85/92 available season-associated CpGs in the PIAMA cohort at age 8 (n=207) found four CpGs significantly associated with the same birth season (p<0.05) in PIAMA as in IoW, all with the same direction of effect (Table 3) . This is double the number of
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Biological functions enriched within season of birth-associated genes
Season-associated CpGs were annotated to 79 mapped genes, including allergy-related genes such as ATPAF1. Ingenuity pathway analysis (IPA) network analysis identified three significantly enriched networks: 15, 14 and 12 seasonally differentially methylated genes are in networks related to embryonic development, the cell cycle, and cell death respectively (Supplementary Table 5 ). Upstream analysis identified six seasonally differentially methylated genes regulated by the transcription factor NUPR1 (cg25382472-STIL, cg17679246-PDK1, cg22630160-HIST1H2AB, HIST1H3B, cg11155697-HOXB5, and cg22584335-ZNF512).
Season of birth-associated CpGs may be on the causal pathway to allergic disease
High serum IgE, eczema, rhinitis, atopy and asthma at 18 years were nominally significantly associated with the methylation levels of 0, 6, 4, 6 and 5 CpGs, respectively (p CpG <0.05;
Supplementary Table 3) , however these became non-significant after Bonferroni-correction.
To test whether any season-associated CpGs lie on the causal pathway between season of birth and allergic disease (i.e. as intervening variables), path analyses were performed. Two
CpGs had marginally significant roles mediating the effect of season of birth on allergic outcomes at age 18 ( Figure 3 ). 
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Season of birth-associated DNA methylation arises postnatally
In newborns, blood DNA methylation levels of cg07175945-ZFR were significantly lower in winter-born babies (p=0.009) but not significantly higher in autumn-borns. 40/92 CpGs (43.5%) had the same direction of effect at birth and 18 years. Only one statistically significant association was already present at birth and in the same direction of effect:
cg10063512-ERLIN2 was more methylated in autumn-born subjects, at birth (p=0.046) and age 18 ( Table 2) .
Discussion
In this study we describe season of birth-associated DNA methylation present in adulthood, constituting a potential mechanism for the sustained effect of season of birth on allergic disease risk. Autumn birth increased the risk of eczema up to adulthood. Methylation at 92
CpG sites was associated with season of birth at age 18. In the PIAMA validation cohort at age 8, two thirds of season-associated CpGs were directionally consistent, and four were statistically significant. Genes containing season-associated CpGs were enriched among networks related to development and apoptosis. Some methylation was nominally associated with allergic outcomes at age 18, and path analyses found two CpGs marginally on the causal path to allergic disease. Season-associated methylation was largely absent at birth, suggesting it arises postnatally.
Individuals born in autumn were significantly more likely than those born in spring to have eczema (Table 1 ; equivalent to RR autumn =1.64, 95%CI=1.22-2.22), similar to previous reports of increased risk of eczema in autumn-borns at 4 years (5). Associations with high serum IgE and rhinitis did not remain significant after correction for five outcomes tested.
Associations of season of birth with atopy and asthma were not detected, supporting previous findings that seasonal effects on allergy are not ubiquitous and vary geographically (36) . It is possible that only specific season-associated exposures alter allergic disease risk
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The most significant CpG was in ZFR, whose protein functions in RNA transport and localisation and regulates apoptosis and mitosis (38) . This CpG could functionally affect gene expression: ENCODE data show H3K4me3 marks are enriched at cg07175945, suggesting a potential role in activating ZFR expression. Moreover, cg07175945 was significantly associated with ZFR gene expression (Supplementary Table 4 Although only four season-associated CpGs were statistically significant in the PIAMA
validation cohort, a significant excess of CpGs showed consistent directionality (p=0.0067).
The four validated CpGs represent the most robust findings, indicating a consistent but subtle effect of season of birth on DNA methylation. Genes containing these validated CpGs function in processes including insulin sensitivity and apoptosis, which can be responsive to vitamin D (40, 41) , and vitamin K synthesis and carbohydrate processing, which could also conceivably be seasonal (42, 43) ( Table 3 ). The remaining directionally consistent sites may represent true but weak effects that were not statistically significant with our relatively small sample sizes, or effects that changed with age. Our findings from independent validation support the method we implemented to detect these informative CpG sites using trainingtesting-based internal cross-validation. Cross-validation has better type I error control than 
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intergenic CpGs, locations within DNaseI hypersensitivity sites ("DHS") and transcription factor-binding sites ("TF"; both from ENCODE data)
are shown in addition to the nearest RefSeq gene on each side of the CpG. (42) . Could be linked to seasonal variation in maternal diet.
Coeff. = regression coefficient: from ttScreening EWAS for the IoW cohort, and from GLMs for the PIAMA cohort. Both models controlled for season of sample collection, maternal SES and sex. In the EWAS each season of birth was compared against the other three seasons; in validation modelling the reference season was autumn, except where the season of interest was autumn, where spring was the reference. cg24799448 is intergenic between BRSK2 and TOLLIP, and is located in a DNaseI hypersensitivity site and transcription factor-binding site (from ENCODE data).
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This article is protected by copyright. All rights reserved. Methylation of this CpG was also higher in autumn-born PIAMA cohort participants at age 8 (right), but this was not statistically significant (p = 0.118, GLM). cg07175945's significant association was with autumn birth, therefore spring was the reference season in the PIAMA GLM. Error bars show 95% confidence intervals; ***: p < 0.001. 
